Endogenous and exogenous oxygen in the rat brain were quantitatively determined using an autoradio graphic technique. The oxygen images of frozen and dried rat brain sections were obtained as IsF images by using the 16 0 eHe,p)ISF reaction for endogenous 16 0
images and the ISO(p,n)ISF reaction for endogenous and exogenous ISO images. These autoradiograms demon strated the different distribution of oxygen between gray and white matter. These images also allowed differentia tion of the individual structures of hippocampal forma-In the field of brain research, quantitative mea surement of oxygen and water contents in the brain has been sought owing to its usefulness in diag nostic application to many brain diseases. Brain edema can be studied by measuring endogenous water content, while exogenous water content is used for study of CBF and aqueous permeability of the blood-brain barrier. Exogenous oxygen mole cules are used to study the CMR02• Recent advances in positron emission tomog raphy have offered a powerful tool for quantitative measurement of exogenous oxygen content in clin ical studies. CBF and CMR02 in the human brain can be easily obtained as positron emission tomog raphic images with 150-labeled O2, CO2, and H20. These radioactive compounds, however, cannot be simply applied to autoradiography, which is widely used for obtaining images of radioactive tracers in small animals, mainly because of the short half-life tion, owing to the differing water content of the various structures. Local oxygen contents were quantitatively determined from autoradiograms of brain sections and standard sections with known oxygen contents. The esti mated values were 75.6 ± 4.6 wt% in gray matter and 72.2 ± 4.0 wt% in white matter. The systematic error in the present method was estimated to be 4.9%. Key Words: Activation analysis-Autoradiography-Oxygen image-Stable isotopes.
of 150 (2 min). Although the use of tritiated water is thought to be an alternative method for obtaining exogenous water image in the brain by autoradiog raphy, it is very difficult to keep a frozen section in contact with an x-ray film for a long time, without losing any water, until the film accumulates enough 13 -radiation. These are the reasons why it has long been considered that autoradiographic images of water and oxygen could not be obtained. Ohta et al. (1982) demonstrated auto radiographic images of exogenous oxygen for the first time. The images were taken with IsF produced from ISO by the ISO(p,n)ISF reaction on ISO-labeled glycine, O2, and N20 in a dried section of rat whole body. How ever, no other studies have been reported since then.
We have developed the above method of autora diographic activation analysis of oxygen for quanti tative measurement of oxygen content. In this ar ticle, we describe a method of obtaining images of oxygen in the rat brain by using the 160(3He,p)ISF reaction and the ISO(p,n)ISF reaction on naturally existing 160 and ISO. The method used to evaluate endogenous oxygen contents from the auto radio-graphic images is also described. We show the suc cessful application of this quantitative method to the measurement of exogenous oxygen content with H2180.
MATERIALS AND METHODS

Principles
Natural oxygen consists of 160(99.760 atom%), 170 (0.039 atom%), and ISO(0.200 atom%). As the abundance ratios of isotopic oxygen are constant in any natural ma terial, the total oxygen content can be easily calculated if the concentration of any one of these isotopes is known. The number of IsF atoms produced by the 160(3He,p)ISF or ISO(p,n)ISF reaction is given by
where Np(E) is the number of 18F atoms per unit area, No is the concentration of 0 atoms per unit volume, f is the intensity of 3He or proton, p is the natural isotopic abun dance for 160 or ISO, u(E) is the cross section, -dEldpX is the energy loss, Ei and Eo are the incident and outlet energies, respectively, A is the decay constant, and T is the irradiation time.
Among the parameters used in Eq. 1, only the beam intensity and the energy loss can be regarded as key vari ables that may differ between different areas of the same brain section. In general, a beam profile obtained with an accelerator is not as uniform as that obtained with a re actor. Therefore, special irradiation techniques must be used to get a uniform distribution of the beam in any area of the section. As for the energy loss, the situation is more complicated. It is obvious that any part of the brain consists of different components including aqueous and nonaqueous materials. This difference in composition may give a different energy loss, shown by
where p is the atomic density, dEldx is the energy loss, and W i is the atom fraction of the ith component in the compound shown by the subscript c (Knoll, 1979) . Al though Eq. 2 predicts that the difference in energy loss among different regions of the brain section is inevitable, it seems reasonable to assume that this difference is neg ligible and that the energy losses are almost the same in a brain section if the regional densities and compositions are approximately the same. If a small piece of polyester film with a known composition, density, and thickness [(ClOH s 0 4 )n; density = 1.43 g/cm3] is irradiated with the same beam intensity and at the same time as the brain section, then the relationship in oxygen content between the section and the standard film can be written as (Np(E)br)
where the subscripts br and st denote brain section and standard film, respectively, and
NOsl can be calculated from the physical constant . s of polyester film, and Np(E)sl and Np(E)br can be determmed by autoradiography. k is a ratio of the total probabilities per unit area for the IsF production, and it can be esti mated by using the cross section and energy loss in each material. Thus, the oxygen content of the brain section, NObr o can be obtained. If the brain section and the stan dard polyester film are thick enough to stop incident par ticles, k is rewritten as
where (dEldpx)E �E m is the average stopping power for the average energy Em (Ishii et aI., 1978) .
Sample preparation
Normal male Wistar rats (200-250 g) were used for the study. The frozen rat brain was cut into thin (20-fLm thickness) and thick (lOO-fLm thickness) sections with a cryostat, and the appropriate section was then placed on a thin Al plate and covered with a 3-fLm Al foil followed by a lO-fLm polyester film. It was then fastened with an AI frame to the bottom of the AI target holder (internal diameter 40 mm, depth 30 mm) at -15°C. The beam window was a 100-fLm polyester film. The target holder was finally filled with He under atmospheric pressure. Figure 1 shows a sectional side view of the target system. It consists of the target holder, the beam-scat tering assembly, the target-cooling attachment, and the liquid N2 reservoir (20 L). The beam-scattering assembly is for degrading the energy of the beam to an optimal en ergy for activation (see Fig. 3 ) and scattering the beam to achieve good beam uniformity. The frozen brain section in the holder was cooled without melting or losing any water during the irradiation by using the Cu cooling at- tachment, the other end of which was dipped in liquid N2• The system was also charged with He.
Target system
Irradiations
Accelerated protons (18 MeV) and 3He particles (38 MeV) were used. The outlet energy of the proton, after passing through 30-IJ-m Ti and 1.4-mm Al foils for scat tering the beam profile, was 6.8 MeV and the incident energy on the target section was 5.2 MeV. The outlet en ergy oPHe was 16.6 MeV after passing through 30-IJ-m Ti and 0.5-mm Al foils, and the incident energy on the target section was 7.6 Me V. In addition to scattering the beams by energy degradation with the absorber to get a uniform intensity on the target, the beam was swept in oval and round motions with the electromagnets. For each activa tion, the uniformity of the beam was checked subse quently by making an autoradiograph of the front 10-IJ-m polyester film. Typical irradiation conditions were as follow: beam intensities of 8.0 ± 1.2 x 10-6 and 8.7 ± 1.2 x 10-6 C . cm-2 • min-I, with irradiation times of 45 and 5 min, for protons and 3He particles, respectively. The 3-IJ-m Al foil covering the frozen section was used for catching ISF recoiled from the 10-IJ-m polyester film.
Autoradiography
After the irradiation, the brain section and the backing Al plate were taken from the holder together, put on pasteboard, and covered with a thin polyester film. This was then exposed to an x-ray film (Kodak NMC-I) at -20°C. The images thus obtained on the film were ana lyzed with a densitometer (Chromo scan 3; Joyce-Loebl Division, Vickers Instruments Inc.). llC and 13N were concomitantly produced in the brain section by the 1 4 N(p,U)IIC and 160(p,U)13N reactions. As shown in Ta ble I, their contributions to the autoradiograms were esti mated from the yield ratios of IIC, 13N, and ISF obtained by decay curve analysis of a typical brain sample. The data show that the optimal time to expose the film is at 180 min onward following bombardment when 98% of the exposure is due to ISF. As for 3He activation, relatively The radioactivity in a 20-f,Lm frozen section, which had been irradiated with protons, was continuously measured during 12 h after irradiation. The decay curve was analyzed to estimate the contribution of each radionuclide to the total radioactivity at the end of bombardment (EOB). The same irradiated rat brain sec tion was exposed to x-ray films at three separate times (proce dures 1, 2, and 3). As seen in this table, the irradiated section had so much II C and I3N activity that it had to be brought into contact with an x-ray film 3 h after the EOB for true 18 F images (procedure 3). 1987 more ISF was produced in the brain section so that the above procedure gave a better oxygen image.
Measurement of excitation function
The excitation functions for the 160(3He,p)ISF and 180(p,n)18F reactions were measured to compare them with those in the literature (Nozaki et aI., 1974; Ruth and Wolf, 1979) . Stacked polyester films were irradiated using the same target system. It was very difficult to mea sure an intensity exactly for a small area independently of the other areas of the target holder irradiated by a widely scattered beam. Therefore, only relative cross sections were obtained for 3He energies ranging from near threshold to 13.3 MeV and for proton energies ranging from 1.8 to 7.4 MeV.
Determination of regional compositions and densities
Compositions and densities of several areas of the rat brain were measured to estimate energy loss. Thirteen male Wistar rats weighing from 200 to 300 g were decapi tated. Immediately after the brains were removed, they were frozen with dry ice and then cut into 3-mm-thick sections. The tissue in 12 local areas of the frozen section was sampled with a standard punching-out device (in ternal diameter 2.0 mm), lyophilized in vacuo, and finally subjected to elemental analysis. Relative compositions were determined using the following equation:
where a, b, c, and d are relative numbers of the atoms obtained by elemental analysis, n is the number of water molecules, and X is the water content (wt%). They were given by the formula Ha + 2nCbNcOd + n' in which X is ar bitrarily assigned a number ranging from 70 to 80 wt%, which is the water content of the normal brain. The den sity of each area was obtained by measuring the weight of the punched sample (9.4 IJ-I).
Estimation of systematic error
Brain homogenate having an oxygen content of 75.0 ± 0.5 wt% was prepared from the lyophilized brain material and water. A 20-IJ-m frozen section of this material was irradiated and treated in the same way as the brain sec tion. The oxygen content thus obtained was compared with the calculated value of 75 wt%. The systematic error is given by Figure 2A shows the proton beam profile ob tained autoradiographically by using a thick Al foil as a beam window for widely scattering the en tering particles by energy degradation. On the other hand, another beam profile shown in Fig. 2B was obtained using electromagnets for sweeping the beam as uniformly as possible. Although these two methods did not provide a uniform beam profile in dependently, it was successfully obtained by the combined use of both methods, as clearly seen in Fig. 2e . 
RESULTS
Beam profile
Energy correlation
The excitation functions measured for the two re actions used are given in Fig. 3 . They confirmed that the energies in the irradiated sections properly covered the energies giving the peak cross sections as expected. Figure 4 shows some correlations be tween particle energy and energy loss in a thin sec tion having different structures shown in Ta ble 2. Energy loss in every S-f,Lm section of stacks for 3He particles and in every 20-f,Lm section of stacks for protons was calculated by using stopping powers for elements (Williamson et aI., 1966) and measured compositions and densities of the rat brain mate rials, which are also listed in Ta ble 2. The calcu lated values were plotted as a function of particle energies after passing through each section. The energy loss was not significantly different for dif ferent structures in brain sections of up to SO-j..L m thickness by which 3He particles with an incident energy of 7.6 MeV were attenuated to 4.S MeV. Similarly, proton energies showed no significant variation in the attenuated value for different brain structures in sections having a thickness up to 100 f,Lm, which reduced a proton energy of S.2 to 4.4 Me V. Results of these calculations support our as sumption that differences in the composition of the brain material and even slight differences in water content do not affect energy loss if particles with high incident energy and thin brain section are used.
Oxygen images of rat brain
Two adjacent 20-f,Lm sections in the same rat brain, one of which had been dried on a hot plate (lOSOC) for 1 h in advance, were irradiated with 3He particles to demonstrate the differences in endoge nous water content. The images in Fig. SA and B were obtained for the frozen and dried sections. The endogenous oxygen image shown in Fig. SC was also obtained by the proton activation of 180 in the frozen 20-f,Lm brain section. Figure SD shows an integrated image of endogenous and exogenous ox ygen. The brain section was taken from a rat that had been injected with 0.4 ml of H2180 (98% iso topic purity) and decapitated after 4 min when The typical compositions of structures were calculated from the expected water contents shown as wt%. Densities were also deter mined by measuring the volume and weight of the structure. These values were used for calculating energy loss as shown in Fig. 4. H2180 was thought to have reached equilibrium be tween the blood and the brain. An exogenous ox ygen image can be obtained by subtracting the image in Fig. SA from that Figure SF shows an enlarged image of the hippo campal formation (CA I _4) and the dentate gyrus (DG), which is originally seen in Fig. SE .
Local oxygen contents
Ta ble 4 lists the local oxygen contents in several regions of the frozen rat brain section obtained using the present method with three different ex perimental conditions. The average stopping powers were 0.4 MeVIS j-Lm for polyester film and 0.3 MeVIS j-Lm for brain tissue at S.8 MeV of average energy, respectively. Apart from the exper imental errors in the values given in this table, the systematic error inherent in the present method was estimated to be 4.9%. It should be pointed out that a significant difference in oxygen contents be tween gray and white matter was observed in each section (p < O.OS with 3He irradiation, and p < 0.02 with proton irradiation). Values are means ± SD. Two adjacent sections of rat brain previously administered ISO (H2ISO) were irradiated by 3He and protons independently. The oxygen contents (ISO atom%) were calculated by subtracting the 160 image (endogenous oxygen image) from the ISO image (endogenous and exogenous oxygen image) after both images had been normalized with the standard films. From these values, ISO wt% was calculated with the 0 wt% listed in Ta ble 4. Values are means ± SD. In experiments A and B. the data were calcu· lated using Eqs. 3 and 4. Equations 3 and 5 were used for experiment C.
DISCUSSION
Uniformity of beam profile and incident energy
One of the difficulties encountered in the present method was that of monitoring the uniformity of the incident beam profile. The beam profile could not be known during the irradiation, but only after the irradiation from auto radiographic images of the polyester films used as a beam window. This diffi culty was overcome by scattering and sweeping the beam at the same time. The incident proton par ticles were uniformly distributed over the whole area of the target section, as seen in Fig. 2 . How ever, the large energy degradation caused by the use of the thick Al foil might affect energy spectra of the incident particles. The fluctuation of incident energies caused by differences in beam path length was estimated. The calculated energy difference between the center of the target section and a 2-cm distant region was <0.1 Me V for 3He particles. This was also confirmed by the results that the ex citation functions obtained were slightly broadened in comparison with those in the literature (Nozaki et aI., 1974; Ruth and Wolf, 1979) . Therefore, it seems quite reasonable to conclude that uncer tainties in incident energy caused by a thick energy absorber are negligible.
Energy loss
Accelerated particles gradually lose their en ergies through a target section to an extent de pending on its local components and density, without knowledge of which its oxygen contents cannot be determined, since it is impossible to cal culate k values defined by Eq. 4. Therefore, well established values for water contents in the brain were used for evaluating energy loss together with the regional compositions determined by elemental analysis and the densities directly measured as listed in Ta ble 2. The main difference between gray and white matter was in the amount of oxygen and hydrogen due to the differences in water contents. There was no significant difference in nitrogen or carbon content between white and gray matter. It has also been widely reported that there is no sig nificant difference in density between white and gray matter having different water contents.
The measured densities of frozen sections also showed no significant difference between struc tures. The energy losses in typical regions of the brain are shown in Fig. 4 , assuming that the water content of gray and white matter differed by 10 wt%. However, the energy loss in each region was practically the same in a frozen brain section of 20-f,Lm thickness on irradiation with either 3He or proton particles. This finding led to the use of those values listed in Ta ble 2 and Fig. 4 for calculation of a value of k. The oxygen contents listed in Ta ble 4 were estimated using the value that was obtained using the composition and density of gray matter containing 80 wt% of water. However, it should be pointed out that this k decreases by 0.8% for 3He and 0.4% for protons if the composition and density of white matter having 70 wt% water are used, sug gesting a possibility that the oxygen contents in white matter may be overestimated.
Endogenous and exogenous oxygen images
The endogenous oxygen image in Fig. SA demon strates that the sensorimotor cortex, amygdaloid cortex, thalamus, and hippocampus have higher oxygen contents than the corpus callosum and in ternal capsule. The enlarged image of the hippo campal formation in Fig. SF clearly differentiates layers of oriens and pyramidal cells. Both of these reflect the higher oxygen content in gray matter. High oxygen content was also found in the dentate gyrus. The oxygen contents of dried brain material, determined by elemental analysis, were similar for gray and white matter (23.8 ± 1.4 wt% in gray, 22.8 ± 1.6 wt% in white). These values are apparently less than the oxygen content of water (88.9 wt%). The difference in oxygen content between gray and white matter may be produced by the differing water contents, gray matter having greater water content than white matter. The thickness of each frozen section examined was exactly 20 f,Lm. The local oxygen contents of frozen brain sections ob tained using the two nuclear reactions described are presented in Ta ble 4. The oxygen content of brain tissue was consistently determined by both nuclear reactions. While differences were observed between white and gray matter, no significant dif-ferences were found between either white or gray matter and their respective component structural features. The oxygen contents of the individual structural features of gray matter were very similar. White matter similarly showed no significant varia tion in the oxygen content of particular structural components, although this differed from the com ponents of gray matter. The values were close to the calculated oxygen contents obtained using ex pected water contents and measured oxygen con tents of dried brain samples.
On the other hand, quantitative analysis could not easily be applied to the dried samples. Although the thickness of frozen brain sections could be con trolled, drying the brain sections produces sections of variable thickness because of regional variation in water content. In the image of a dried section (Fig. 5B) , it can be seen that image intensity is en hanced in white relative to gray matter. Since ele mental analysis of the dried brain samples showed similar oxygen contents in both gray and white matter, white matter may be thicker than gray matter in the dried section. This distribution of ox ygen is not easily correlated with distributions ob tained from frozen sections. The differences in in tensity between the images of the frozen section and the dried section, however, might be accounted for by the differing water contents.
Although images of endogenous oxygen could be obtained using both the 160CHe,p)18F and 180(p,n)18F reactions, the former reaction is thought to be better for evaluating endogenous ox ygen content because it gave a more intense image from a lower beam intensity, as clearly seen by comparison of the two images shown in Fig. 5A and C. On the other hand, the 180(p,n)18F reaction af fords a powerful tool for evaluating exogenous ox ygen content. As shown in Fig. 5D , the image in tensities were three times enhanced in comparison with those produced by endogenous oxygen (Fig.  5C ). The method could be applicable to the study of the aqueous permeability of normal and/or dam aged blood-brain barrier and accumulation of water in brain edema. Such studies would require prior determination of the endogenous water con tents.
An improved method using a thick target and average stopping power for charged particle activa tion analysis has been reported (Ishii et al., 1978) . This method was applied to the same brain samples by using 3He particles and compared with the method of using a thin target ( Fig. 5E; Ta ble 4 ). However, no significant differences in results were found between the methods. It can be pointed out J Cereb Blood Flow Metab, Vol. 7, No.3, 1987 that while this method for using a thick target ex cludes errors due to the inherent uncertainty of the thickness of thin sections, it involves the disadvan tage that frozen water may melt and evaporate as a result of heat deposited in the thick section by par ticle irradiation.
Heating effects during irradiation of thin frozen sections had also to be considered. Although the heat produced in a thin section was thought to be too small to cause melting of the frozen section, the possibility existed that water might be lost from the frozen section owing to sublimation. It was very difficult to estimate the amount, if any, of sublima tion. The water contained in the frozen section, however, did not escape from the target holder at all, even if evaporation or sublimation occurred. Much of the 18F, produced from irradiation of va porized water in an He atmosphere, adhered to the inner surface of the target holder. It is a reasonable assumption that the amount of water lost from the section was negligible because no 18F was detected either in the atmosphere in the holder or on the 3-f.Lm Al foil next to the brain section. This was also confirmed by the results from the systematic error estimation by using sections having a known water content. The water content estimated was consis tent, within errors, with the initial water content.
This fact suggests that the present method has potential for mapping not only exogenous water content but also endogenous water content in the brain by subtracting an oxygen image of a dried section from that of a frozen section. It is also pos sible to get an endogenous water image, using the image obtained from a frozen section, if non aqueous brain materials have very similar oxygen contents and some correlation between water and total oxygen contents is obtained. Inhaled exoge nous oxygen (1802) may be visualized as an exoge nous water image because oxygen molecules rap idly become incorporated in water at the end of the electron transport chain in mitochondria. This means that CMR02 can be measured autoradio graphically. Such studies are now in progress and details will be reported elsewhere. The method of activation autoradiography described is applicable to a wide range of brain studies.
